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Abstract Studies on visuomotor adaptation provide
crucial clues on the functional properties of the human
motor system. The widely studied saccadic adaptation
paradigm is a major example of such a fruitful Weld of
investigation. Magescas and Prablanc (J Cogn Neurosci
18(1):75–83, 2006) proposed a transposition of this proto-
col to arm pointing behavior, by designing an experiment in
which the informational context of the upper limb visuomo-
tor system is comparable to that of the saccadic system.
Subjects were given terminal only visual feedback in a
hand pointing task, assumed to produce a purely terminal
visual error signal. Importantly, this paradigm has been
shown to induce no saccadic adaptation. Although the sacc-
adic adaptation paradigm is known to induce a predomi-
nantly motor adaptation with minor sensory eVects, the lack
of sensory changes has not been tested in its transposition
to pointing. The present study was a partial replication of
Magescas and Prablanc’s (J Cogn Neurosci 18(1):75–83,
2006) study with additional control tests. A Wrst experiment
searched for a possible change in the static visual-to-propri-
oceptive congruency. A second experiment, based on an
anti-pointing task, aimed at separating the sensory and
motor eVects of the adaptation in a dynamic condition.
Consistent with most results on saccadic adaptation, we
found a predominant adaptation of the motor components,
with little if any involvement of the sensory components.
Results are interpreted by proposing a causal relationship
between the type of error signal and its adaptive eVects.
Keywords Adaptation · Visuomotor · Arm · Saccade · 
Pointing
Introduction
In our daily life, simple goal-directed movements, such as
pressing on a press button or reaching for an object, are
generally accurate enough to achieve the task with or with-
out minor Wnal adjustments. However, when systematic
perturbations lead to repetitive errors, i.e., when our hand
fails to reach the target as expected, the central nervous sys-
tem (CNS) adapts its commands to maintain the accuracy
of visuomotor skills.
In order to investigate the adaptive processes, many
experimental paradigms have artiWcially perturbed the
visual guidance of the hand. Two main types have been
proposed: those introducing visual perturbations like wear-
ing laterally deviating prisms (see Kornheiser 1976 for a
review) or modifying visual feedback through video inter-
faces (e.g., Prablanc and Jeannerod 1975; Krakauer et al.
2000; Cressman and Henriques 2009) and those deXecting
the limb movement by a force Weld (e.g., Mussa-Ivaldi and
Giszter 1992; Lackner and Dizio 1994). In both types, an
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important issue is whether the subject misestimates the
properties of the environment he or she is interacting with
(such as learning a new skill) or the properties of his or her
own arm (Kluzik et al. 2008). In the present study, we
mainly considered conditions in which the subject could
self-attribute the errors during the adaptive process (Jakob-
son and Goodale 1989; Magescas and Prablanc 2006;
Michel et al. 2007; Cameron et al. 2010) in order to focus
more on the adaptation of natural movements than on skill
learning.
The adaptive components of the visuomotor chain
Among the various visuomotor adaptive mechanisms, two
major components have been identiWed, each of them corre-
sponding to a main step of reaching control.
A Wrst component of adaptation involves the planning
stage of the motor response. Since Woodworth’s (1899)
two-stage model, many studies have provided evidence that
the control of hand reaching consists of at least two distinct
processes (see Elliott et al. 2001 for a review). Prior to the
movement, the CNS plans a movement to bring the hand to
the vicinity of the target location (correctly identiWed when
the target is foveated or with some uncertainty when the
target is seen in peripheral vision) and is followed by a con-
tinuous fast online correction (Soechting and Lacquaniti
1983; Spijkers and Spellerberg 1995; Gomi 2008) through
visual reaVerences (Jakobson and Goodale 1989; Saunders
and Knill 2005; Sarlegna et al. 2004; Gritsenko et al. 2009)
or without (Goodale et al. 1986; Pélisson et al. 1986;
Prablanc and Martin 1992; Bard et al. 1999). An adaptation
of the planning component can be elicited by at least two
means: based on a Wnal error signal (Harris 1963, recalibra-
tion of Redding and Wallace 2006; Martin et al. 1996b;
Magescas and Prablanc 2006) or based on a sustained dis-
crepancy between the predicted reaVerences and the actual
ones (Held 1961; Diedrichsen et al. 2005; Tseng et al.
2007). This predictive process has been further formalized
with the introduction of the concept of internal models
(Miall et al. 1993; Wolpert et al. 1995; Wolpert 1997;
Wolpert and Miall 1996; Kawato 1999).
A second component of adaptation involves a perceptual
remapping, such as a change in the straight ahead visual
perception (Craske 1967) or the proprioception of the
exposed limb (Harris 1963; Cressman and Henriques
2009). Either of these perceptual adaptations corresponds to
a shift of the normally univocal relationship between the
visual map and the proprioceptive map of the body parts.
Restoring visuomotor skills after prism adaptation alters the
interpretation of some of the actual sensory inputs (Harris
1963; Hatada et al. 2006; Redding and Wallace 2006).
Pointing under a modiWed feedback loop (Ghahramani
et al. 1996; Vetter et al. 1999; van den Dobbelsteen et al.
2003) also produces such an eVect as a result of the sensory
discrepancy between vision and proprioception introduced
during the exposure period.
Besides these two highly documented components of
adaptation, a third one can be identiWed, which is the adap-
tation of the online correction itself (the second stage of
Woodworth’s model). During the ongoing movement, the
motor planning errors are corrected online through visual
feedback so that the hand reaches the target with the
required accuracy (Keele and Posner 1968; Meyer et al.
1988; Sarlegna et al. 2004; Saunders and Knill 2005; Gomi
2008). To run eYciently, this process involves an accurate
correlation between the actual online correction required
and the corrective motor commands generated. Wagner and
Smith (2008) have shown that the relationship between the
correction required and the corrective command can be
modiWed when applying a force Weld during reaching
movements. This suggests an adaptive capability of the
online correction mechanisms superimposed upon the plan-
ning adaptation.
Focusing on the adaptation of motor planning
In order to separate the above three components, Magescas
and Prablanc (2006) proposed a paradigm introducing a
hand-to-target retinal error at movement end only, without
alteration of the natural visuo-proprioceptive mapping. This
procedure involved the Wrst component but excluded the
other two. It mimicked the well-studied paradigm of sacc-
adic adaptation, in which the sensorimotor gain of a sacc-
adic eye movement is modiWed by making the target
systematically jump during the eye movement (see Hopp
and Fuchs 2004 for a review). For instance, if the system-
atic target jump occurs inwards, it induces a statistical bias
of the saccade reducing the average saccade amplitude
exponentially over time, until it becomes oriented toward
the displaced target. However, this adaptation does not
result in an absolute gain change reducing the amplitude of
all retinally driven saccades regardless of their direction.
Indeed, a symmetrical target at a 180° opposite location
does not show any trace of saccadic adaptation.
In the transposed experiment by Magescas and Prablanc,
the hand pointing condition was functionally equivalent to
a saccadic eye movement and broadly consisted of three
phases: perception of the target location in peripheral
vision, execution of a ballistic hand pointing movement in
the dark, and detection of the end point retinal error
between the displaced target and the Wngertip lit together at
hand movement end. This adaptation paradigm, which kept
subjects unaware of the perturbation, resulted in an impor-
tant visuomotor aftereVect. In addition, a putative role of
saccadic adaptation was discarded as the saccadic gain
toward the adapted side remained unchanged before and
Author's personal copy
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after the hand pointing visuomotor adaptation. As the
authors designed their paradigm in such a way that the fov-
eally seen and felt hands were always coincident, and as
they checked the absence of any saccadic adaptation, they
assumed their paradigm was devoid of any adaptive sen-
sory components.
However, this last apparently obvious working hypoth-
esis was not tested by the authors. The question is far
from simple. Although devoid of intersensory discrep-
ancy, online visual reaVerences and saccadic adaptation,
the paradigm did not preclude a possible adaptive process
taking place in peripheral vision; indeed, the paradigm
involved an intra-visual conXict between the pre-saccadic
target location in peripheral vision and the target location
at hand movement end (despite subjects perceiving the
target as being unique). In order to understand such a pos-
sibility, it is necessary to consider the phenomenon of
saccadic remapping (review in Colby et al. 1995; Quaia
et al. 1998; Pisella and Mattingley 2004). Saccadic
remapping is the neural process whereby spatial con-
stancy is obtained despite saccadic eye movements and
the correlative retinal image shifts. This saccadic remap-
ping is believed to be derived from the eVerence copy
(Von Holst and Mittelstaed 1950).
Some studies have suggested that classical saccadic
adaptation paradigms not only modify the saccadic remap-
ping but also the perceived location of a target (Bahcall and
Kowler 1999; Awater et al. 2005; Bruno and Morrone
2007; Collins et al. 2007). Therefore, despite the lack of
observed saccadic adaptation in Magescas and Prablanc’s
study (2006), their saccadic-like visuomotor adaptation
may have been responsible for a visuospatial mismatch
between the target seen under peripheral vision while keep-
ing Wxation on a central point and the unseen hand located
at the target position.
Additional controls to the “saccadic-like” hand pointing 
adaptation
The present study aimed to clarify whether the saccadic-
like protocol of adaptation of visually elicited pointing was
actually devoid of sensory eVects. To this end, it was a par-
tial replication of the “saccadic-like” hand pointing adapta-
tion experiment by Magescas and Prablanc (2006), with
additional control tests. Both tests searched for intersensory
realignment, the Wrst in a static condition and the second in
a dynamic task.
The Wrst experiment, performed in a static condition,
searched for a putative intersensory mismatch of a target
location seen under peripheral vision and of the felt hand at
the target location. The putative visual-to-proprioceptive
realignment was tested in the condition in which it was
most likely to occur, i.e., with the unseen index Wngertip at
the location of the adapted target and with the target probe
seen in peripheral vision. The subject had to align this tar-
get probe with his unseen index Wngertip. This condition
reproduced the conWguration of the causal intra-sensory
conXict described above.
The second experiment, performed in a dynamic condi-
tion, aimed at determining whether the adapted response
depended upon the adapted target direction or the adapted
hand pointing direction. We used an anti-pointing task
derived from the anti-saccade task introduced by Hallett
(1978) (see Munoz and Everling 2004 for a review) and
still used for the study of saccadic adaptation (Collins et al.
2008; Cotti et al. 2009; Panouillères et al. 2009). The anti-
saccade task consists of performing a saccade to the sym-
metrical point of a target, relative to the starting Wxation
point. The rationale is that if the adaptation occurs
upstream, before the retinal vector is transformed into a
saccadic command, an anti-saccade will transfer only when
the stimulus is presented on the adapted side. Conversely, if
the adaptation occurs downstream, after the retinal vector is
transformed into a saccadic command, an anti-saccade will
transfer only when the stimulus is presented on the non-
adapted side.
We applied the same rationale to hand pointing adapta-
tion as for saccadic adaptation, except that the tests car-
ried out before and after the adaptive exposure period
were performed in peripheral vision (without saccade); if
the hand pointing adaptation occurred upstream, i.e.,
before the retinal vector was transformed into a hand
pointing response, it would transfer to the anti-pointing
when a target was presented on the adapted side. In
contrast, if the adaptation occurred downstream, an anti-
pointing would transfer only when the stimulus was pre-
sented on the non-adapted side, i.e., when the movement
was performed toward the adapted side (notice that the
anti-pointing protocol has already been developed in quite
diVerent contexts: Chua et al. 1992; Maraj and Heath
2010; Gomi 2008; Heath et al. 2009).
Methods
Experiment A
Participants
Eight right-handed subjects participated in the experiment
(mean age: 22 years, standard deviation: 1.4). They all had
normal or corrected to normal vision and no history of neu-
rological or psychiatric disorders. They all gave their
informed consent, and the experiment was carried out in
accordance with the Declaration of Helsinki and with the
local ethical rules.
Author's personal copy
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Apparatus
The apparatus (Fig. 1) was the same as that used by Mag-
escas and Prablanc (2006). See this article for more
details. The pointing surface was a black tilted (17.6°)
plane without reference frame. An invisible tactile land-
mark served as a starting point. The subjects sat on a med-
ical chair in front of the pointing surface. Their chin was
positioned on a support so that they were not able to move
their head. Subjects’ eyes were 38 cm above the table.
Limb movements were natural and free of mechanical
constraint or load.
Target LEDs were only indirectly visible on the pointing
table through a half reXecting mirror. This mirror was posi-
tioned midway between the two planes and prevented the
hand from occluding the target image. Turning on/oV the
ambient light (with a set of six high-power white LEDs)
between the mirror and the pointing table instantaneously
turned-on/oV vision of the limb. The other parts of the
apparatus were out of the subjects’ sight. The room was in
complete darkness, making it possible to independently
control the vision of the target and the vision of the limb.
3-D limb movements were recorded using an OPTOT-
RAK (3020) camera at a 200 Hz sampling frequency. The
OPTOTRAK infrared LED was placed on the subjects’
Wngertip. Horizontal gaze direction was recorded using a
calibrated DC EOG method at a 1,000 Hz sampling rate
(Prablanc and Martin 1992; Desmurget et al. 2001). These
signals were used to control target LEDs and limb vision in
real-time via an AD-WIN (Keithley-Metrabyte) system.
Real-time control
Online detection of saccade onset was determined by an
eye velocity threshold, using a two-point central diVerence
algorithm (Bahill and McDonald 1983) with a 10 ms bin
width. This threshold was 30°/s and manually adjusted for
each subject if it did not allow an accurate detection of the
saccades. Online detection of hand pointing movement
onset and oVset was determined by a Wxed 80 mm/s veloc-
ity threshold, using the same method as for the eye (10 ms
bin width).
Protocol
The experiment consisted of a training session, a pretest, an
exposure period, and a posttest. The pre- and posttests were
divided into a motor test and a perceptual test. The training
block, motor tests, and exposure period shared a common
sequence of events but diVered in the timing of onset/oVset
vision of the target and limb (see Fig. 2). For all trials in
these blocks, subjects were instructed to position their
index Wnger at a tactile landmark located along the midline
on the pointing surface, to look at this starting point when
the coincident Wxation LED was lit and to look and point at
the target as quickly and accurately as possible as soon as it
appeared.
All movements were performed with the right arm. The
left arm was only used to press on push-buttons in the per-
ceptual test and was kept unseen close to the body through-
out the experiment.
Common sequence of events in training session, motor tests, 
and exposure period Before each trial, subjects had to
place their right index Wnger in the dark on the tactile land-
mark used as a starting position. This starting point was
located along the sagittal plane, approximately 36 cm in
front of the subjects’ belly. Each trial began after a period
of 3 s in the starting position. The ambient light allowing
vision of the upper limb was then turned-on as an LED
appeared at the Wngertip location. Subjects were instructed
to look at this LED. For every trial, the EOG signal was
oVset to zero while the subject Wxated the LED. After a
pseudo-random delay of 1–2 s, the target was turned-on.
This variable duration was introduced to avoid subjects’
anticipation. The (peripheral) target always appeared at the
same location, at a distance of 25.5 cm to the right of the
starting point.
Following this common phase, the trial sequence then
diVered according to the training session, the motor tests,
and the exposure period.
Training The training session consisted of ten trials. Each
of them began with the sequence of events just described.
Fig. 1 Exp. A set up: Subjects sat in front of the device. They per-
formed free movements with the right arm above the pointing surface
and below the half-reXective mirror. The starting point was an invisible
tactile landmark. Targets were images of red LEDs through the half-
reXective mirror. An ambient light could be turned-on/oV to allow/pre-
vent vision of the hand. Free index Wngertip trajectory was recorded
with an Optotrak system. DC horizontal eye movements were recorded
with EOG electrodes. All devices were driven by a real-time OS. EA
incremental exposure area, L light, SP tactile starting point
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The starting position LED was turned-oV at target onset.
Subjects performed a saccade and a pointing movement
toward this target, with full vision of their limb and of the
target.
Motor test The motor test consisted of ten trials. At the
end of the common sequence of events described above, the
light and the starting position LED were turned-oV at target
onset. The target was then turned-oV at the Wrst detection of
either a saccade toward the target or (exceptionally) of the
Wnger when it started before the saccade (Fig. 2 shows a
typical response when the saccade is triggered before the
start of the movement). Subjects performed a saccade and a
pointing movement in the dark toward the target brieXy
seen in peripheral vision during the saccadic reaction time.
The motor test was performed just before and just after
the exposure period, in order to evaluate the amount of
adaptation induced. The order of the perceptual and the
motor tests was consequently reversed between the pretest
and the posttest. The perceptual test was performed before
the motor test in the pretest and after the motor test in the
posttest.
Exposure period Trials were very similar to those of the
motor test. The only diVerence was that the Wnal target
(named secondary target to diVerentiate it from the initial
peripheral target named primary target) and the light
were turned-on again at the end of the hand movement
for half a second (see Fig. 2) allowing subjects to see the
distance between the movement end point and the sec-
ondary target (the error signal). They were instructed to
observe their error, without making a hand correction
toward the target.
During the Wrst ten trials, the secondary target was at the
same location as the primary target. It was then shifted by
1.27 cm (0.5 inches) increments to the right every ten trials,
up to a distance of 7.62 cm (3 inches) on the sixth step. The
whole exposure period thus consisted of 70 trials. The
increment was chosen to be within the natural landing zone
of the Wnger so that subjects could naturally self-attribute
the error.
In the few cases when the hand movement lasted less
than 500 ms after the end of the saccade, the lighting and
the onset of the secondary target were delayed to 500 ms
after the end of the saccade in order to prevent any saccadic
adaptation. Indeed, Fujita et al. (2002) have shown that the
introduction of a large post-saccadic delay (500 ms)
between the primary saccade and the onset of the post-sacc-
adic secondary target disrupted saccadic adaptation during
a double-step saccadic adaptation paradigm.
Perceptual test Subjects actively placed their right index
Wnger on a tactile mark at the location of the fourth second-
ary target (i.e., in the middle of the incremental area,
3.81 cm to the right of the primary target). Between each
trial, in order to refresh their proprioceptive sense and pre-
vent any drift (Wann and Ibrahim 1992), they were
instructed to smoothly move their elbow up while keeping
still their index Wngertip, whose position was checked
online. Subjects were in complete darkness, so that they
could not see their arm.
In each trial, an LED target was turned-on to the right or
left of the index at a random distance of between 14 and
19 cm. By clicking on the left and right push-buttons with
their left hand, subjects were instructed to displace the LED
target from left to right until they perceived it as aligned
Fig. 2 Exp. A protocol: This Wgure shows a typical sequence of events
of a trial in the training condition (up), during the motor test (middle),
and during the exposure period (bottom). Subjects were asked to look
and point to a primary target as quickly and accurately as possible. In
the training condition, the target was always present and the arm was
visible. In the motor tests, the target and the ambient light were turned-
oV, so that the movement occurred without any feedback. During the
exposure period, vision of the hand and of a (secondary) target was
simultaneously given at the end of the movement to provide an end
point error signal. L lighting, T1 primary target, T2 secondary target,
Eye movement of the eye, Hand movement of the hand
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with their felt right index Wnger. Each push-button incre-
ment moved the LED 1.27 cm to the right or left.
This test was carried out in two block conditions, one
where the subject Wxated an LED at the starting point
(peripheral vision condition) and the other where the sub-
ject looked toward his or her unseen Wngertip (foveal vision
condition).The whole perceptual test consisted of 20 trials
under one condition (peripheral or foveal vision) followed
by 20 trials under the other condition. The order of the two
conditions was counterbalanced among subjects.
Experiment B
Participants
Eleven right-handed subjects participated in the experiment
(mean age: 20.5 years, standard deviation: 1.6). They all
had normal or corrected to normal vision and no history of
neurological or psychiatric disorders. They all gave their
informed consent, and the experiment was carried out in
accordance with the Declaration of Helsinki and with the
local ethical rules.
Apparatus
Figure 3 gives a schematic view of the apparatus. It con-
sisted of a horizontal white surface (140 £ 78 cm) covering
a set of red LEDs. The LEDs were invisible when turned-
oV and diVused over a disk of approximately 1 cm in diam-
eter when turned-on. The subjects sat on a constraining
chair to prevent trunk movement, but with free movement
of the shoulder and no chin support. A tactile starting point
lay in the sagittal plane in front of the subject, at approxi-
mately 34 cm from his or her body. A Wxation point lay in
the sagittal plane at 44 cm from the body of the subject. A
set of six white power LEDs was placed above the experi-
mental device to control the vision of the hand online.
The same recording methods and real-time experiment
piloting as in Exp A were used.
Protocol
Experiment B included a pretest, an exposure period, and a
posttest. The test order was identical in pre- and posttests
for one subject and counterbalanced between subjects.
Exposure The sequence of events in the exposure trials
was similar to experiment A (see Fig. 2). There were only
minor diVerences.
The movements began at the starting point (see Fig. 3)
and were directed toward a primary target at a distance of
30 cm to the right. The shift increment of the secondary tar-
get was 1 cm (instead of 1.27 cm in experiment A). There
were 20 trials per secondary target shift increment (140 tri-
als in total instead of 70). The starting LED was a few cm
farther away than the Wnger starting point in order to avoid
visual masking by the Wnger at the starting position. It was,
however, close enough to allow an accurate visual percep-
tion of the hand at the starting position. When the second-
ary target was exactly hit, the Wnger partially hid it.
Pre- and posttests The pre- and posttests consisted of
pointing and anti-pointing tasks. Pointing movements
started from starting point 1 and were directed toward one
of two possible targets, either 30 cm to the left of the start-
ing point or 30 cm to the right (same target as the primary
target of the exposure period). In the anti-pointing condi-
tion, subjects were instructed to point to the symmetrical
position of the target relative to the starting point.
The sequence of events was similar to the motor test in
experiment A, with the exception that subjects had to keep
Wxation on the permanently lit Wxation point (the starting
point of the exposure period) throughout the whole trial.
The target was extinguished systematically at hand move-
ment onset. Trials were canceled if subjects made any sac-
cade away from the Wxation point.
There were twelve trials in each of the four conditions
(pointing rightward, pointing leftward, anti-pointing with
movement to the right, anti-pointing with movement to the
left), with a total of 48 trials. Trials occurred in a pseudo-
random order and the task (pointing or anti-pointing) were
communicated to subjects before each trial by a verbal cue.
Results
Experiment A
Despite the interindividual response variability, there was
no systematic bias in the training session and the motor
Fig. 3 Exp. B set up: Subjects sat in front of the device. They per-
formed free movements with the right arm above the pointing surface.
The starting point was an invisible tactile landmark. Targets were red
LEDs under a homogeneous translucent screen. An ambient light could
be turned-on/oV to allow/prevent vision of the hand. Free index Wnger-
tip trajectory was recorded with an Optotrak system. DC horizontal eye
movements were recorded with EOG electrodes. All devices were
driven by a real-time OS. EA incremental exposure area, FP Wxation
point, L light, SP tactile starting point
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pretest. This was conWrmed by a t test computed on average
end points relative to the target in the pretest (¡1.5 mm,
t = 1.76, df = 7, P = 0.12). During the exposure period, sub-
jects gradually adapted their movement length to that
required by the secondary target. We observed a signiWcant
motor eVect of adaptation on the end point abscissa of the
group of subjects (paired t test: mean shift = 46 mm, diV std
err = 9.4, t = 4.86, df = 7, P value = 0.0018). An example
of one subject’s data is given in Fig. 4.
Figure 5 gives an overview of our results. It shows the
pre–post diVerence in movement end point (adaptation vec-
tor) and in the visual estimate of index position in the two
tested conditions for each subject.
Results are summed up in Table 1. There was no signiW-
cant global diVerence in the visual estimate of index posi-
tion in either the foveal vision condition (paired t test: mean
shift = ¡2.7 mm, diV std err = 15, t = ¡0.18, df = 7,
P value = 0.87) or the peripheral vision condition (paired
t test: mean shift = 15 mm, diV std err = 13, t = 1.16, df = 7,
P value = 0.29). Besides, we did not Wnd any signiWcant
relationship between the perceptual and the motor eVects of
adaptation. In the peripheral vision condition, the Pearson
coeYcient of the linear regression between the perceptual
shift and the motor shift was ¡0.3 (t = ¡0.7, df = 5,
P value = 0.51); in the foveal vision condition, it was 0.14
(t = 0.32, df = 5, P value = 0.76).
This conclusion was corroborated by an unpublished,
almost identical, preliminary experiment, except for the
method used to determine the correspondence between
vision and proprioception. Whereas in the present experi-
ment, subjects had to align a target with their unseen index
Wnger, they had to give a verbal dichotomous response as to
the relative location of target and hand in the unpublished
experiment and a logit regression was computed to deter-
mine the visual estimate of the position of the Wnger. The
two methods converged as both gave similar constant errors.
Experiment B
An overview of data is given in Fig. 6, which shows the
pre–post diVerence in movement end point for each subject
in the four conditions tested.
We computed the mean amplitude of movement in each
condition for each subject and then performed a paired
Fig. 4 Single-subject response during exposure (Exp. A) This Wgure
shows the left–right position at the beginning (empty triangles) and at
the end (Wlled triangles) of each trial. The primary target (dots), which
elicited the movement, remained at a single position during the expo-
sure, whereas the secondary target (lines), which gave the end point
error feedback, was shifted in 1 cm steps every 10 trials. The subject
gradually adapted his or her movement amplitude to point directly to
the secondary target. Movement amplitude in the movement posttest
was signiWcantly higher than in pretest. TS training session, MT1
movement pretest, EP exposure period, MT2 movement posttest
Fig. 5 Exp. A overview results: This Wgure shows the pre–post diVer-
ences in the perceptive tests and in the motor test, for each subject. For
perceptive tests, the abscissa gives the average visual estimate of the
index Wnger tip position, in the foveal vision condition (circles), and in
the peripheral vision condition (squares). For motor test, the end point
abscissa is represented (triangles). Empty symbols represent the mean
values in pretest, whereas Wlled symbols represent the mean values in
posttest
Table 1 Exp. A test results showing the average pre-post amplitude
diVerence in each condition, together with a paired t test on this diVer-
ence
Condition Pre–post mean 
diVerence (mm)
SE (mm) t df P value
Motor test 45 9.7 4.7 7 0.0023
Foveal vision ¡2.7 15 ¡0.18 7 0.87
Peripheral vision 15 13 1.2 7 0.29
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t test analysis in each condition to compare the movement
amplitude before and after the exposure period. The results
for each condition are given in Table 2. Results revealed a
signiWcant adaptation of the pointing movement to the right
(condition of the exposure), which was a prerequisite for
the subsequent analysis.
To remember our hypotheses, motor eVects should be
reXected by an increase in rightward movement’s ampli-
tude, whatever be the side of the stimulation, whereas per-
ceptual eVects should be reXected by an increase in
movement’s amplitude when the stimulation is on the right,
whatever the direction of the movement.
Clearly, results revealed a signiWcant motor eVect, as
rightward movement’s amplitude was signiWcantly higher
in posttest, in the two conditions of stimulation (pointing
and anti-pointing). On the contrary, as no signiWcant
aftereVect was observable on leftward movements with
stimulation on the right, we concluded that adaptation had
no signiWcant perceptual eVects as predicted by our
hypotheses.
However, a signiWcant motor shift was unexpectedly
observed on pointing movement on the left. Up to now, we
have no explanation for this eVect. If it was a motor eVect,
it would logically impact the leftward anti-pointing move-
ments as well. If it was a perceptual eVect, it is not clear
why it should aVect leftward pointing and not leftward anti-
pointing (which involved the exposed stimulation). This
puzzling but interesting issue would be worth further inves-
tigation investigated. Nevertheless, it did not prevent us
from answering the question asked in the introduction.
Discussion
Summary of the experiments
The present work was partly a replication of Magescas and
Prablanc’s (2006) experiment, which assumed that the
“saccadic-like” type of protocol used in this experiment
was devoid of sensory adaptation. Magescas and Prablanc’s
assumption was based upon the absence of any visual-to-
proprioceptive discrepancy before and after the completion
of the goal-directed movement, as well as the absence of
any vision during the movement itself. It was also based
upon the observed lack of any induced saccadic adaptation
following the experimental protocol. However, they did not
check the absence of adaptation in the opposite direction to
the adapted side. The additional control tests performed
here showed that the visuomotor adaptation observed by
these authors was devoid of any sensory components as
they assumed. These control tests also showed that the
adaptation was unilateral and did not result from a gain
change in the movement amplitude irrespective of its direc-
tion.
The Wrst experiment (A) was a direct test of the coher-
ence between vision and proprioception, which is supposed
to be altered if there is any perceptual adaptation. We tested
this coherence in two static conditions: the Wrst one
involved an assessment of the visual-to-proprioceptive
matching under peripheral vision, which was the most
likely to reveal a mismatch if there was any. The second
condition was a control in which we did not expect any sen-
sory adaptation-related changes. In both conditions, no sig-
niWcant changes appeared between pre- and posttests. This
result was a Wrst piece of evidence showing that a visuomo-
tor adaptation can act only on the motor component of the
visuomotor system.
The critical point was provided by the second
experiment (B). We transposed the anti-saccades test of
Collins et al. (2008) aimed at determining whether the
locus of saccadic adaptation took place before or after the
Fig. 6 Exp. B overview results: This Wgure shows the pre–post diVer-
ences for each subject. The end point abscissa is represented in the case
of pointing (triangles point-up) and of anti-pointing (triangles point-
down). Empty symbols represent the mean values in pretest, whereas
Wlled symbols represent the mean values in posttest
Table 2 Exp. B test results showing the average pre-post amplitude
diVerence in each condition, together with a paired t test on this diVer-
ence
Stimulation 
direction
Movement 
direction
Pre–post 
mean 
diVerence (mm)
SE 
(mm)
t df P value
Right Right 22 6.5 3.45 10 0.0062
Left Right 20 7.7 2.54 10 0.029
Left Left 15 4.9 2.97 10 0.014
Right Left 2.2 4.1 0.55 10 0.60
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transformation of visual coordinates into motor commands.
In the pre- and posttests, subjects had to point to a target
(pointing task) or to the opposite of the target relative to the
starting point (anti-pointing task). All movements that were
performed in the same direction as the exposed movement
(pointing and anti-pointing rightward) were of a similar
amplitude and signiWcantly larger after the adaptation expo-
sure (see Table 1). On the contrary, no signiWcant diVerence
was observed for the anti-pointing movement associated
with the exposed target. Had a perceptual adaptation been
involved, we would have expected an adaptation of the
anti-pointing with a target on the right and movement on
the left, because the altered perception of the position of the
target on the right would have inXuenced the computation
of the arm end point (on the left). Conversely, we would
have expected little or no adaptation of anti-pointing right-
ward, because the target on the left would have been cor-
rectly located before the spatial transformation from the
visual input to the motor output.
A “pure” motor adaptation
Our results bring additional evidence that the adaptation
protocol proposed by Magescas and Prablanc (2006)
involves little if any sensory components. Indeed, the adap-
tation failed to reveal an eVect occurring at another level
than the motor planning. This corresponds to a remapping
of spatially coded movement commands or “recalibration”
proposed by Redding and Wallace (2006) to account for
visuomotor prism adaptation.
To our knowledge, this kind of “pure” motor adaptation
is not documented in the literature of prism adaptation. The
sensory components have been highlighted from early stud-
ies to recent ones (Redding and Wallace 2006) with the
notion of “realignment,” a static process bringing the ori-
gins of visual and somatosensory coordinate systems into
correspondence.
Prism adaptation artiWcially induces a visuo-propriocep-
tive discrepancy. Thus, a sensory adaptation occurs correla-
tively to a motor adaptation. It involves an adaptation of the
felt position of the limb relative to the body (Harris 1963;
Riley and Black 2003) as well as a change of the apparent
visual direction (Craske 1967; Welch et al. 1974; Vetter
et al. 1999).
The same applies to those protocols based on a rotation
of the visual feedback from the moving hand (e.g., Cress-
man and Henriques 2009, 2010; Wong and Henriques
2009; Hegele and Heuer 2010) where the sensory eVects of
such paradigms have been investigated. Non-negligible
eVects were observed by Cressman and Henriques (2009)
representing one-third of the visuomotor adaptation. The
same team (Cressman and Henriques 2010) exposed sub-
jects either actively or passively to misaligned sensory
inputs without retinal error available and found a kines-
thetic adaptation representing about one-Wfth of the adapta-
tion. Hegele and Heuer (2010) in a diVerential study
between young and elderly with augmented information
used a visual feedback rotation and found proprioceptive
shifts of about 2–3°. However, Wong and Henriques (2009)
found that visuomotor adaptation does recalibrate kines-
thetic sense of felt hand path. Bernier et al. (2006) exposed
a deaVerented patient to the same rotated visual feedback
and suggested that the observed adaptation was likely med-
iated by a comparison between the expected visual feed-
back as predicted by a forward model and the actual visual
feedback from the movement.
As regards the adaptation to force Weld, a recent study by
Ostry et al. (2010) provided evidence of a signiWcant eVect
on the felt position of the limb. The alleged origin of this
eVect involves a discrepancy between the predicted reaVer-
ences and the actual ones.
To sum up, it appears that among the three major proto-
cols classically used in hand reaching adaptation a sensory
adaptation may occur when sensory inputs are in conXict.
Why does “saccadic-like” hand pointing adaptation 
not induce sensory adaptation?
The preceding statement raises the question of the speciWc-
ity of our paradigm. We present putative criteria for con-
ducting a motor adaptation without sensory change.
First, the exposure should not involve any intersensory
discrepancy, which seems quite obvious when considering
the literature on prism adaptation and adaptation to dis-
torted visual feedback from the hand. In the present proto-
col, the hand was seen at its actual location before and after
the movement.
Second, the movement should be ballistic, i.e., there
should be no online control. The Wnal error should be the
only consequence of the initial motor planning. Such a con-
straint prevents the online comparison between predicted
and actual reaVerence, which is believed to be critical for
adaptation (Tseng et al. 2007; Ostry et al. 2010).
Under such conditions, there is a good agreement
between results from saccadic and upper limb reaching
adaptive behaviors. In particular, our conclusions from the
anti-pointing task are very close to those of Cotti et al.
(2009), who conducted a saccadic adaptation experiment
during which they tested the anti-saccade behavior.
A last and important characteristic of our paradigm
should be highlighted; it did not induce any saccadic adap-
tation. This was a priori expected in Magescas and Pra-
blanc’s experiment (2006) as Fujita et al. (2002) showed
that when a double-step experiment involved the onset of
the second target more than 500 ms after the saccade to the
Wrst step, the reiteration of trials did not induce any
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saccadic adaptation, due to the temporal de-correlation
between the two steps. In prism adaptation, it is worth men-
tioning that delaying the terminal error feedback beyond
500 ms suppresses the adaptation in monkeys (Kitazawa
and Yin 2002). The two observations from Fujita and Kit-
azawa and Yin emphasize the synchrony of reaVerent sig-
nals and movement end in developing adaptation.
Magescas and Prablanc’s experiment involved pointing
movements whose duration was around 500 ms and the
measured saccadic gain was uninXuenced by the adaptation
procedure as expected, while the visual feedback from the
hand and target was delivered at the exact hand movement
end. This point is crucial as previous studies (Bekkering
et al. 1995; Bock et al. 2008) on hand–eye coordination
have found a transfer of the saccadic adaptation to the hand
reaching and suggested that the two oculomotor and upper
limb control systems may use a common signal to specify
eye and arm localization. Other studies have found little or
no transfer to the hand (Kröller et al. 1999) when the sac-
cade was not associated with the hand pointing.
The above analysis of our data obtained with the “sacc-
adic-like” visuomotor adaptation brings new insight into
the literature. In particular, the protocol of Martin et al.
(1996b) satisWes the proposed criteria to elicit a pure motor
adaptation. Although it was based on a visual perturbation
by means of prisms, it did not include the classical charac-
teristics of a prismatic adaptation; the hand was not in sight,
which means that the intersensory discrepancy was absent.
In addition, movements were ballistic as the task consisted
of throwing a ball of clay and thus no online correction was
possible. Although the comparison between Martin et al’s
paradigm and ours is not straightforward, it has the key fea-
tures to induce a motor adaptation free of sensory changes.
On the notion of error signal
The above discussion is informative when considered in
terms of error signals. The error signal notion has been
extensively used to describe variables of a very diVerent
nature. In the literature, it refers to neural information com-
ing from either an intersensory conXict, online corrections
based upon a visual observation of the hand trajectory error
with respect to the target, a discrepancy between predicted
and actual reaVerences (Held 1961; Diedrichsen et al. 2005;
Tseng et al. 2007), or from a terminal visual error between
the end point eVector and the target.
Apparently, each of these signals can, on its own, elicit a
visuomotor adaptation. In the present study, the only error
signal involved was a static retinal diVerence between
the index Wngertip and the target at movement end, and the
only adaptive response was motor. The analogy with the
saccadic adaptation has to be highlighted as the saccadic
error is the retinal eccentricity of the target at saccade end,
i.e., at movement end. Our results fully agree with Wallman
and Fuchs (1998), who demonstrated that saccadic adapta-
tion involves an error signal that is visual, not motor, but
that the adaptation itself is primarily motor. In addition, the
anti-pointing task in exp 2 is another indication that the
adaptation takes place at the motor level.
Thus, the key contribution of the present study is to
establish a clear causal relationship between the retinal
static error signal at movement end and the adaptation of
the only motor plan, in an implicit context, subjects being
unaware of the artiWcial nature of the error signal.
Other studies have focused on the interaction between
strategic and implicit processes allowing an appropriate
visuomotor behavior under altered visual feedback. Taylor
et al. (2010) investigated in either healthy subjects or
cerebellar patients in an adaptation to a rotated visual feed-
back. They explored the hypothesis of an independence
between implicit corrective processes and explicit cognitive
strategies through a task putting the explicit and implicit
mechanisms in conXict. As predicted, they observed an
interference in healthy subjects and none in cerebellar
patients, indirectly showing that implicit adaptive processes
involved cerebellar functions. If Baizer and Glickstein
(1974), Baizer et al. (1999), Weiner et al. (1983) were
among the Wrst to show that prism adaptation involved the
cerebellar functions, Thach’s team (Martin et al. 1996a)
found that, when adapting to balls throwing through prisms,
the most impaired cerebellar patients were those whose
olivo-cerebellar pathway was disrupted. In addition, in nor-
mal subjects (Martin et al. 1996b), they observed a lack of
transfer from the adapted hand to the non-adapted hand
showing that the adaptation did not involve any visual com-
ponent. They suggested it involved a given type of syner-
gies, as an adapted overhand throwing did not transfer to
underhand throwing. Despite the diVerence between our
paradigm and theirs, both were characterized by a terminal
feedback error without intersensory conXict (as the hand
was nearly hidden during throwing). Thus, it would seem
that all paradigms involving a Wnal error processing without
intersensory conXict rely on a type of cerebellar process
similar to saccadic adaptation. However, another type of
error processing is the conXict between expected visual
feedback derived from the output of an internal model and
the actual visual feedback. This source of error processing
is known to be a major source of adaptation (Held 1961),
involving cerebellar functions together with PPC (Died-
richsen et al. 2005; Tseng et al. 2007), although terminal
error feedback and error derived from prediction have not
been totally disentangled in fMRI studies. Within the ocu-
lomotor system, it has been suggested that the vestibulo-
ocular reXex depends upon an error signal conveyed
through the inferior olive (Ito 2002). Patients with Wallen-
berg syndrome, with a likely disruption of olivo-cerebellar
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pathways, no longer exhibit saccadic adaptation (Waespe
and Baumgartner 1992). Similarly, throwing adaptation
under prism-displaced vision is impaired in patients with
focal olivo-cerebellar lesions (Martin et al. 1996a). If
“saccadic-like” visuomotor adaptation in such patients
turned out to exhibit the same type of impairment, it would
suggest a similar adaptive processing of end point errors in
both the oculomotor and skeletal motor systems despite
their many diVerences, as proposed by Robinson (1986)
more than two decades ago. Whereas the role of the cere-
bellum in motor learning has been shown to be task-depen-
dent Bloedel (2004), the putative cerebellar contribution
might be very likely eVector-speciWc in the present study,
as the adaptive process developed in a complete unaware-
ness, precluding strategic behavior.
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Abstract Visuomotor-adaptation experiments devoted to
the study of plasticity are also used to indirectly test
hypotheses about how the brain encodes the spatio-
temporal characteristics of arm movement directed at a
visual target. A current major theory, the vectorial coding
hypothesis, postulates that arm movements are processed
diVerentially for direction and amplitude. This approach, at
Wrst developed in an extrinsic Cartesian frame of refer-
ences, has been also adopted in an intrinsic joint space. In
the present paper, we report an experiment that corrobo-
rates this last point of view. Subjects performed pointing
movements in a one degree of freedom condition, while
systematic self-attributed endpoint errors were introduced.
Through an observation of motor behavior in a battery of
pre- and post-tests, we suggested that adaptation consisted
in an increase in the motor gain in the adapted direction,
with a perfect transfer to all starting points in the experi-
mental reaching space. We explained the results by the
absence of intersensory conXict and of correlative sensory
adaptive component. As this paradigm was adapted from
the saccadic adaptation paradigm, we eventually compared
the two paradigms and highlighted that both induced
mostly motor eVects.
Keywords Adaptation · Visuomotor · Arm · Saccade · 
Pointing
Introduction
In the domain of visuomotor adaptation, the emphasis is
usually put on how the goal, the state of the eVectors, and
the trajectory of the endpoint eVector are represented in
space by the CNS. This is well illustrated by the example of
the adaptation of pointing behavior while viewing through
prisms that have been extensively studied for decades (see
Kornheiser 1976 for a review). Such an experiment
involves simultaneous modiWcations occurring at many lev-
els: at the visual level with the change of the perception of
the environment with respect to the body, correlative to a
reinterpretation of the neutral position of the eye and of the
straight ahead; at the multisensory level since a new map-
ping between visual and proprioceptive information is nec-
essary; and at the motor planning level as pointing error
decreases trials after trials.
Because of the complexity of the relationship between
muscle forces and body parts’ movement, our knowledge of
the actual links between a global visuomanual adaptation
and the diVerent axial and proximal muscles’ innervations
is limited. Within much simpler visuomotor systems such
as the oculomotor system, the horizontal eye movements
are controlled exclusively by two agonist–antagonist mus-
cles. The adaptation of horizontal saccades in the double-step
paradigm (originally introduced by McLaughlin 1967; for a
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review see Hopp and Fuchs 2004; Pélisson et al. 2010)
results schematically in a change of the gain of the response
along the direction of the adapted saccade, with an
unchanged gain in the opposite direction. It shows that the
adaptation is essentially speciWc of the agonist muscle or
group of muscles and involves little contribution of sensory
changes. In the highly complex motor system of upper
limb, there is no clear correspondence between the mus-
cles’ contractions and the eVectors movements. However,
the paradigm of Martin et al. (1996) addressed the question
of the eVects on muscles innervation for the Wrst time. In
their experiment, subjects had to throw little balls of clay to
a target under prism altered vision. Importantly, the arm
was not in sight during the throw, so that there was no inter-
sensory conXict. Overhand throwing transferred neither to
the underhand throwing nor to the unadapted arm. At elbow
level, overhand throwing implied extension, whereas
underhand throwing implied Xexion. This indicates that
adaptation implicated the only elbow extensor muscles of
the adapted hand.
Roughly, the presence of sensory modiWcations at the
peripheral or central level interferes with the analysis of the
modiWcations occurring in the motor program itself. Rather,
it favors the analysis of the phenomena in terms of space
coding adaptation, whether it is in Cartesian or polar coor-
dinates in the task space, or in joint space. There are few
examples of a pure visual adaptation where the behavioral
after-eVect can be accounted for by the visual after-eVect
(Craske 1967). Generally, the dissociation of the sensory
and motor components of the after-eVects is particularly
diYcult, as the planning is based upon a representation of
the sensori-to-motor transformations (the inverse model)
and the motor execution itself upon a representation of the
expected reaVerences (the forward model).
On the contrary, when a visuomotor adaptation is devoid
of sensory eVects, one can more easily focus on the way the
motor program itself is aVected. Such a “pure” motor adap-
tation has been proposed by Magescas and Prablanc
(2006a), in the same vein as studies on the oculomotor
saccadic adaptation (Wallman and Fuchs 1998). In brief,
their protocol elicited an unconscious adaptation of point-
ing movement to a single target, by introducing an artiWcial
endpoint error that was interpreted by the CNS as a self-
motor planning and execution error. In pre-test and post-
test, the eVects of the exposure period was assessed on
pointing movement from a diVerent starting point to diVer-
ent targets. The authors assumed that an adaptive potential
sensory eVect was impossible, as the vision of the hand was
kept unaltered when available (i.e., before and after each
exposure trial). In a recent work (Laurent et al. 2011), we
have conducted additional experiments to discard the exis-
tence of a sensory component possibly induced by their
protocol.
In their conclusions, Magescas and Prablanc (2006a)
suggested that the adaptation likely consisted in an increase
of motor gain mostly at shoulder and elbow levels for both
extensions involved in the exposure. Since their subjects
performed free movements of the arm in 3D space with a
noticeable contribution of at least 5 degrees of freedom, it
seems unrealistic to determine the change in muscle con-
tractions responsible for the observed eVects. To Wgure out
how complex it would be, one should consider that each
muscle may act on one or two joints, implying multiple
degrees of freedom of the arm in a proper way. Hence, test-
ing the hypothesis of the authors needs a transposition of
their protocol to a context allowing a clear correspondence
between movement and muscle forces. In the present work,
we purposively applied this adaptation protocol while
restraining movements to the only degree of freedom of
Xexion/extension of the elbow. This way, elbow Xexion
resulted from global innervations of the group of Xexor
muscles, whereas extension was driven by the group of
extensor muscles. Our aim was to observe the eVect of
adaptation on the command of these two groups of muscles.
If Magescas and Prablanc (2006a) hypothesis was correct, a
single joint adaptation should exhibit a larger after-eVect
for a larger amplitude than the exposed one and a smaller
after-eVect for a smaller amplitude. If the adaptation
depended on the movement vector rather than on the abso-
lute position of the starting point and the endpoint, the
adaptation vector in angular coordinates should be the same
whatever the starting point of the movement, provided the
movement direction was the same (elbow extension in the
present experiment 1). Moreover, if the adaptation was a
linear gain scaling, without decay above or below the
adapted extent, the bias of the Wtting line between the after-
eVect and movement extent should not be signiWcantly
diVerent from zero.
According to a common approach (Bedford 1989; Vetter
et al. 1999; Mon-Williams and Bingham 2007), we
designed test blocks including movements from several
starting points to several targets in order to determine the
structure of the generalization of adaptation within the
experimental reaching space. The elicited starting point/tar-
get pairs were inspired from the studies on saccadic adapta-
tion introduced by McLaughlin (1967). This was justiWed
by the analogy between the saccadic adaptation paradigm
and ours (see discussion for details). Because we aimed at
testing a variety of movement, we had to distribute the tests
among two experiments. In experiment A, our tests
included (1) movements of same amplitude as the exposed
one, but starting from diVerent locations (vector test), and
(2) movement starting from the endpoint of the exposed
movement and targeting the starting point of the exposed
movement (reverse-movement test). In experiment B, our
tests included: (3) movements of diVerent amplitudes with
Author's personal copy
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the same starting point (forward-gain test); (4) movements
of diVerent amplitudes but aimed at the same target (end-
point test).
Methods
Participants
Experiment A involved 12 subjects (mean age: 23.3 years;
standard deviation: 5.7 years; 8 women, 4 men). Experi-
ment B involved 11 subjects (mean age: 22.4 years; stan-
dard deviation: 3.8; 7 women, 4 men). All subjects were
right-handed. They all had normal or corrected-to-normal
vision and no history of neurological or psychiatric disor-
ders. They all gave their informed consent, and the experi-
ments were conducted in accordance with the Declaration
of Helsinki and under the terms of local legislation.
Apparatus and recording
Figure 1 provides a schematic view of the apparatus. Sub-
jects sat on a medical chair in front of the apparatus. Their
right forearm was tied to a horizontal lever at the height of
their shoulder. The rotation axis of the elbow was vertical
and coincided with the rotation axis of the lever (h). This
device allowed the subjects to make a frictionless move-
ment of Xexion–extension of the elbow, while preventing
them from making other types of arm movements. Their
hand held a handle that let them point with the index Wnger
to a horizontal shield positioned 55 mm below the lever
(a). The position of the lever was tracked with an angle
encoder (d, step size = 0.09°). A pressure sensor was posi-
tioned on the index Wnger tip to detect contact with a
white, translucent, and isotropic pointing surface (the
shield) (c).
The stimuli (starting point and target) were presented on
an arc circle by two red laser light-emitting diodes (LEDs)
placed under an opaque shield (g). The laser spots appeared
as small disks (about 1 cm in diameter) when seen through
the shield (f). The laser LEDs were mounted on stepper
motors, which rotated around the same axis as the elbow
and the lever. The inclination of the lasers was adjusted so
that the distance from the rotation axis to the stimuli Wtted
the length of the forearm-hand-Wnger segment.
Horizontal ocular saccades were detected with a Direct
Current Electro-Oculogram (DC EOG) system (Mangoni)
with electrodes on the outer canthi (b). Movement of the
eye was determined by an eye velocity threshold, using a
two-point central diVerence algorithm (Bahill and McDonald
1983) with a 10 ms bin-width. This threshold was indi-
vidually adjusted at one-third of the maximum eye velocity
observed during the calibration of saccadic eye movements.
The onset and oVset of the hand movements were detected
using a Wnger-pressure threshold.
A lighting device with a white power LED (e) made it
possible to switch instantaneously between light and com-
plete darkness.
All recording and stimulation devices were controlled in
real-time by an AD-WIN system (Keithley-Metrabyte,
Cleveland, OH, USA).
Procedure
Subjects were installed on a medical chair in front of the
apparatus. The pressure sensor was placed under and tied
to the subject’s right index Wnger pulp using surgical tape.
The subject’s arm was secured to the lever. The height of
the chair was adjusted so that the subject’s shoulder and
elbow were at the same height. The inclinations of the
laser LEDs were set so that the spots were on an arc that
was reachable by the index Wnger. Laser spots were turned
on at the two extremities of the reaching arc, and subjects
were encouraged to check that they could easily press
upon the shield along the whole length of the arc. The
encoder’s value at 90° of elbow Xexion was recorded, and
subsequently used to determine the actual elbow angle
during the experiment.
Before the experiment started, subjects practiced the task
used in the exposure protocol (described below) until they
could eVortlessly follow the trial sequence. This took less
than Wve trials for all subjects.
Fig. 1 Apparatus subjects sat in front of a horizontal translucent
shield (a). Their right arm, which they used to point to a target, was tied
to a lever that only allowed Xexion or extension of the elbow. Targets
(f) were presented on the arc that subjects could reach with their index
Wnger. They were generated by laser LEDs placed under the shield (g).
An ambient light (e) allowed switching instantaneously from darkness
to light and inversely. The angle formed by the elbow was recorded
using an angle encoder (d). Horizontal eye movements were recorded
using EOG electrodes (b) connected to an ampliWer. The contact of the
index Wnger tip with the shield was detected using a pressure sensor (c).
All devices were connected to a real-time AD-WIN system
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Protocol
Each experiment involved three successive phases: pre-test,
exposure, and post-test. In each phase, the subject performed
a pointing task without online visual feedback, with some
variations between the exposure phase and the pre- and post-
tests. Experiments A and B diVered with respect to the posi-
tions of the targets and of the starting points. An example of
the sequence of events during a trial is given in Fig. 2.
Trial sequence
The trial sequence diVered between the exposure period,
which was designed to elicit the visuomotor adaptation, and
the pre and post-test blocks, which were aimed at assessing
the diVerences in motor response resulting from adaptation.
The exposure and test sequences were identical until the
start of the oculomotor and motor responses. We Wrst
describe the common sequence and then diVerentiate
between the two types of exposure or test trials.
At the beginning of each trial, the subject had to Wnd
the starting point in the dark. The subject heard a “beep”
when her or his forearm was within a “tolerance space” of
§0.5° around the starting point. This auditory feedback
indicated to the subject that he or she had to press his or
her Wnger on the shield. Four hundred ms after the start of
a steady Wnger pressure, the ambient light and Wxation
point were turned on for a duration of 1.5 s; this allowed
the subject to see the position of her or his forearm on the
shield during this time period. During the last 500 ms
before the light and Wxation point were turned oV, the
EOG signal was reset. The moment the light and Wxation
point were turned oV, a peripheral primary target (T1)
located 30° clockwise from the Wxation point was lit, and
the subject was instructed to simultaneously look at T1
and quickly move her or his hand toward it. At movement
end, the subject had to press his or her Wnger on T1. At
saccade onset, T1 was turned oV. Consequently, both the
eye saccade and the hand movement were performed in
the dark. The onset of the saccade had to occur before the
onset of the hand movement. When this sequence was not
observed, the trial was canceled. For both the exposure
sequence and the test sequence, the duration from T1
onset to trial end was 3 s. Exposure and test sequences
began to diverge, starting at the end of the hand move-
ment, as illustrated in Fig. 2.
During the exposure period, the pressure exerted by the
Wnger at the end of movement instantaneously triggered the
apparition of the ambient light and of a secondary target
(T2). During the Wrst 12-trial block, the location of T2 was
the same as that of T1, and the subject could see his or her
natural motor error. During each of the six subsequent
blocks of 12 trials, T2 was displaced away from the pri-
mary target in very small increments (1.44°) across blocks.
This increment size was chosen below the natural endpoint
variability, in order to prevent a subject’s consciousness
about the shift. By the end of the exposure period (i.e., after
the seven consecutive blocks), the shift between T1 and T2
was equal to 8.64°, as illustrated in Fig. 3. This resulted in a
Wnal required gain of the visuomotor response of 1.29 (ratio
between required movement amplitude and seen eccentric-
ity of T1).
During the pre- and post-tests, T2 did not appear at the
end of the movement, and the pressure Wnger did not trigger
the light, so that the hand remaining in the dark until the
end of the trial.
Fig. 2 Protocol for exposure trials (top) and test trials (bottom). 1 Sub-
jects had to Wnd the starting point in the dark. A buzzer was used to in-
form them of whether their Wnger was at the correct position §0.5°.
They then had to keep the position for 400 ms for the trial to begin.
They were not supposed to move before the target appeared. 2 Subjects
had to press the shield with the index Wnger while not moving the arm.
3 A delay of 500 ms began at the contact of the Wnger on the shield, de-
tected by the pressure sensor. 4 The ambient light and the starting point
were turned on. Subjects were supposed to look at the starting point
(the location of which coincided with their Wnger tip). This phase had
a random duration ranging from 1 to 2 s. During the last 500 ms, while
subjects were looking at the starting point, the EOG was reset. 5 The
ambient light and the starting point were turned oV, while the primary
target (T1) appeared. 6 T1 disappeared at the saccade onset. The arm
and eye movements were executed in darkness. 7a For exposure trials,
the ambient light and a secondary target (T2) were turned on again at
movement end. During the Wrst block of 12 trials, T2 was coincident
with T1: thus, subjects experienced their natural planning error. At the
end of each successive block of 12 trials, the T2 was displaced by small
increments from its position in the previous block of trials. All
throughout the exposure, subjects were not supposed to move to cor-
rect the error, but they had to look and notice the error. 7b During test
trials, no feedback was provided after the end of the movement
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Starting points and targets
Figure 4 summarizes the positions of the starting points and
of the target positions for experiments A and B. In both
experiments, the exposure consisted of an initial 30° point-
ing movement extent. The exposure starting point was
diVerent in experiment A (30°) and in experiment B (15°);
this was done to better explore the reaching range during
the tests.
In the test phase of experiment A, tests were performed
on movements of the same amplitude (30°) starting at
diVerent locations (0°, 15°, 30°, 45°, or 60°, “vector test”),
as well as on a movement reverse to the exposed one, i.e.,
that started from the endpoint of the exposed movement,
and target was the starting point of the exposed movement
(“reverse-movement test”).
In experiment B, tests were performed on movements of
diVerent amplitudes with the same starting point (amplitude
of 15°, 30°, 45°, or 60° forward, “forward-gain test”), or the
same location of the target (amplitude of 30° and 45° start-
ing points from both sides of the 45° target, “endpoint
test”).
For both experiments A and B, the exposure phase
involved 7 blocks of 12 trials, and, during the pre- and post-
tests, each type of movement was recorded 10 times in
pseudo-random order. The order was diVerent for each sub-
ject, but identical for the pre- and post-tests within a given
subject. Ten additional test trials were added, Wve at the
beginning and Wve at the end of each pre- and post-test.
These trials, which were identical to the test trials, con-
sisted of movements with the same starting and endpoint as
the exposed movement. It consequently increased up to 20
the total number of trials testing the trained movement.
The null angle was a Wxed position on the apparatus. It
was deWned as the position of the lever parallel to the front
edge of the table, directed leftward. The positive angle
direction was deWned clockwise. The null angle corre-
sponded to diVerent elbow angles (from 49.1° to 78.6°),
depending on the subject’s morphology.
Evaluation of subject awareness
Just after the experiment end, a short questionnaire was
orally administered to subjects. It aimed at evaluating their
awareness of the positional diVerence between T1 and T2.
It involved three questions, from the more general to the
more focused. These questions were as follows: “Did you
note something strange during the experiment?”; “Did you
feel pointing accurately along the experiment?”; “During
the second part of the experiment, did you notice that the
target did not reappear at the place it disappeared?”
All subjects reported they had a tendency to point on the
left of the target during the second part of the experiment
(the exposure period). However, only one subject (in exper-
iment A) expressed his doubts about the equality of posi-
tion of the two targets. As he was still uncertain about it, we
decided not to exclude his data.
Fig. 3 Values in degrees of the start and end positions of subject’s
arm during the exposure period for one subject. The numbers in ab-
scissa indicate the number of the trial. The thin dark horizontal line
represents the required start position. The dark dotted line represents
the position of the primary target (T1). The red dotted lines represent
the position of the secondary target (T2). T2 was displaced away from
T1 by small increments of 1.44° every block of 12 trials
Fig. 4 Summary of the trials, each arrow indicates the position of the
starting point and of the target for one trial type. Note that the radii of
the arcs have no special meaning, since every target was presented at
the same distance from the elbow axis. The exposure arrows show the
primary target and the seven positions of the secondary target. Each
trial (indicated by an arrow) was run 10 times, except for the exposed
movement, where each incremented trial was run 12 times. The two
“Asterisk” arrows represent the same trials and were distinguished for
the only purpose of illustration. These trials concerned the trained
movement. Trials were presented in pseudorandom order
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Results
All statistical analyses were computed with R software
(R Development Core Team 2010).
Analysis on the exposed movement
Pre-analysis
The data were pre-analyzed to identify subjects who dis-
played signiWcant adaptation during the exposure period.
The presence of a signiWcant adaptation eVect was a pre-
requisite for characterizing the pattern of generalization of
the adaptation—and thus, for testing the hypothesis. For
each subject, exposed-movement amplitudes measured on
the pre- and post-tests were compared using an unpaired
two-sample t test. We included the 20 test trials involving
the exposed movement. Subjects who did not show a sig-
niWcant diVerence (at a P = 0.05 level) were not included in
subsequent analyses. This reduced the sample sizes from 12
to 10 subjects for experiment A and from 11 to 9 subjects in
experiment B. All following analyses were performed on
the samples of pre-selected subjects. One subject of experi-
ment B was identiWed as an outlier, given that, in each con-
dition of the gain test, his response was distant from the
mean more than twice than the standard deviation. His data
were excluded before the analyses, reducing the sample
size to 8 subjects in experiment B.
Comparison between experiment A and experiment B
Figure 3 shows a typical example of response during the
exposure period. For this subject, the average movement
amplitude increased as a function of the increment of the dis-
tance between T1 and T2. To estimate the eVects of adapta-
tion, we calculated the mean movement amplitude in pre-
and post-test for each subject. This calculation included the
20 test trials involving the exposed movement. Similar aver-
age increases in movement amplitude were observed for the
two experiments: 6.1° for experiment A and 5.11° for experi-
ment B. This corresponds approximately to a 20% increase in
movement amplitude and to 71% of the largest distance from
T1 to T2. Standard errors were also similar between the two
experiments (experiment A, pre-test: 0.94, post-test: 1.02;
experiment B, pre-test: 0.67, post-test: 1.18).
Retention of adaptation
We extracted all trials testing the trained movement in post-
test. This gave a total of 20 trials per subject. We then Wtted
an exponential regression as a function of trial number for
all subjects. There were two factors: subject and trial num-
ber (continuous factor). In both experiments, we observed a
signiWcant main eVect of subject (exp. A: P < 10¡4; exp. B:
P < 10¡4), a signiWcant main eVect of trial number (exp. A:
P = 0.043; exp. B: P = 0.011), and a signiWcant eVect of the
interaction (exp. A: P < 10¡4; exp. B: P < 10¡4). We con-
cluded that the trial number had an eVect on the adaptation
level, but could not be averaged between subjects. We then
calculated the time constant of decay (for each subject) and
extracted the lowest time constant in each experiment. This
lowest constant was 235 trials (69 min) in experiment A
and 328 trials (61 min) in experiment B.
As proposed by Smith et al. (2006) in their two time-
scales model, the time constant of the strongest eVect is
usually short, whereas the long time constants are associ-
ated with weak eVects. By contrast, in the present experi-
ment, we observed a strong eVect with a long time constant.
The diVerence between the model of Smith et al. (2006)
and our experiment likely lies in two characteristics of the
post-test procedure. Firstly, whereas Smith et al. (2006)
considered deadaptation with a visual feedback that served
as teaching signal, there was no feedback at all in our pro-
cedure. Secondly, Smith et al. (2006) introduced the pertur-
bation abruptly, whereas we did it gradually, which had a
beneWcial inXuence on the adaptation retention according to
Michel et al. (2007).
Analysis for each test trial type
For both experiments, we performed an analysis for each
test trial type. In experiment A, there were Wve trial types
Fig. 5 Mean amplitude change (top) and mean percentage of ampli-
tude change (bottom) between pre-test and post-test, across all subjects
of experiment A (n = 10), for trials corresponding to the vector test (10
movements per block). The error bars show +1 standard error of the
mean. The black bar highlights the trained movement. Top: stars are
used to indicate statistically signiWcant diVerences between pre- and
posttest, as follows: *<0.0033; **<0.00067; ***<0.000067. Bottom:
the horizontal dashed line marks the value of perfect transfer
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in the vector test (corresponding to the Wve possible start-
ing points) and one trial type in the reverse-movement test.
In experiment B, there were four trial types in the forward-
gain test (four possible endpoints) and four trial types in
the endpoint test (four possible starting points). For each
trial type, the diVerence in movement amplitude between
pre- and post-test was tested by a repeated measure
ANOVA. To maintain a global signiWcance level at
P = 0.05, despite the number of tests (15), we used a Bon-
ferroni correction that deWned the individual signiWcance
level at P = 0.0033. The results are detailed in Table 1.
Results from this table are illustrated in Figs. 5, 6, 7 and
commented in the following paragraphs. Whereas analyses
were performed on actual diVerences in degrees between
pre-test and post-test, data were represented both in actual
diVerences in degrees and in percentage of change
between pre-test and post-test in the Wgures. This percent-
age was calculated for each subject by dividing the abso-
lute diVerence in degree by the value in pre-test. It was
done to facilitate the interpretation of the results, since a
constant percentage of change corresponds to an eVect
proportional to the amplitude in pre-test.
Experiment A: vectorial test
Figure 5 shows the percentage of amplitude change
between pre-test and post-test in experiment A, for diVerent
starting points (0°, 15°, 30°, 45°, and 60°). Note that this
Table 1 Statistical analysis of the eVect of the exposure period on movement amplitude
Pre-to-post diVerences in movement amplitude were evaluated using a repeated measure ANOVA, separately for each condition and experiment.
Each trial type was repeated 10 times in pre and post test for each subject, except the test on the exposed movement that was repeated 20 times
The Bonferroni correction deWned the signiWcance levels as follows: * <0.0033; ** <0.00067; *** <0.000067
a Same data
Exp Test Starting pt. (°) Target (°) Pre/post-amp. mean diV. numDF/denDF F P
A Exposed movement 30 60 6.08° 21% 1/9 80.4 <0.0001**
A Vector test 0 30 5.55° 19% 1/9 27.2 0.0006**
A Vector test 15 45 5.09° 18% 1/9 38.0 0.0002**
A Vector test 30 60 5.35° 18% 1/9 55.0 <0.0001**
A Vector test 45 75 6.54° 23% 1/9 76.0 <0.0001**
A Vector test 60 90 6.00° 21% 1/9 33.4 0.0003**
A Reverse movement 60 30 1.55° 4.7% 1/9 2.79 0.13
B Exposed movement 15 45 5.11° 19% 1/7 56.2 <0.0001**
B Forward-gain test 15 30 3.22° 24% 1/7 71.1 <0.0001**
B Forward-gain testa 15 45 4.17° 16% 1/7 51.7 0.0002**
B Forward-gain test 15 60 6.31° 16% 1/7 48.4 0.0002**
B Forward-gain test 15 75 8.46° 16% 1/7 24.3 0.0017*
B Endpoint test 0 45 5.38° 13% 1/7 34.4 0.0006**
B Endpoint testa 15 45 4.17° 16% 1/7 51.7 <0.0001**
B Endpoint test 75 45 1.29° 4% 1/7 1.57 0.25
B Endpoint test 90 45 <0.1° <0.1% 1/7 1e¡4 0.99
Fig. 6 Mean amplitude change (top) and mean percentage of ampli-
tude change (bottom) between pre-test and post-test, across all subjects
of experiment B (n = 8), for trials corresponding to the forward-gain
test (10 movements per block). The error bars show +1 standard error
of the mean. The black bar highlights the trained movement. Top: indi-
vidual data are represented as gray bullets. The regression line is plot-
ted. The slope was signiWcantly diVerent from 0 (value = 0.12; std.
err. = 0.030; t = 3.4; P = 0.0004), whereas the intercept was not
(value = 1.08; std. err. = 1.2; t = 0.878; P = 0.387). Stars are used to
indicate statistically signiWcant diVerences between pre- and post-test,
as follows: *<0.0033; **<0.00067; ***<0.000067. Bottom: the hori-
zontal dashed line marks the value of perfect transfer
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Wgure corresponds to movements of the same amplitude
(30°) as in the pre-test. Amounts of adaptation were very
similar across the diVerent starting points (numDF/
denDF = 4/36, F = 0.82, P = 0.52). The average adaptation
across the Wve starting positions was equal to 5.6°. This
result indicates complete (or “perfect”) transfer of adapta-
tion from the exposed movement to movements of the same
amplitude, regardless of the starting point.
Experiment A: Reverse test
No signiWcant eVect of adaptation was observed on the
amplitude of the reverse movement (Table 1).
Experiment B: Forward-gain test
Figure 6 shows the percentage of amplitude change
between pre-test and post-test in experiment B, for diVerent
target distances (15°, 30°, 45°, and 60°) with the same start-
ing point (15°). One can see that, for three target distances
out of four (30°, 45°, and 60°), the percentage of change
seems to be constant. It was corroborated by an ANOVA
analysis on the percentage of change with target distance as
a three-level factor, that is, 30°, 45°, and 60° (numDF/
denDF = 2/14, F = 0.098, P = 0.91). This suggests a pro-
portional relationship between after-eVect and target dis-
tance. Consequently, we performed a linear regression on
pre/post-diVerences once subtracted the random-eVects for
each participant (R2 = 0.32; F = 15.8; P = 0.0004). The
slope was signiWcantly diVerent from 0 (value = 0.12; std.
err. = 0.030; t = 3.4; P = 0.0004), whereas the intercept was
not (value = 1.08; std. err. = 1.2; t = 0.878; P = 0.387). This
indicates that this type of adaptation increased the visuomo-
tor gain in the adapted direction and that it did not alter the
coherence between vision and proprioception after the
adaptive exposure as previously shown by Laurent et al.
(2011).
Experiment B: Endpoint test
Figure 7 shows the percentage of amplitude change
between pre-test and post-test in experiment B using the
same target location (45°), but diVerent starting points rela-
tive to the target (0°, 15°, 75°, 90°). There was no adapta-
tion for leftward movements, that is, movements in the
direction opposite to the adapted direction. By contrast,
adaptation was observed for the two rightward movements,
that is, movements in the same direction as the adapted
direction.
Discussion
In this paper, we describe an experiment of visuomanual
unconscious adaptation in a one degree of freedom condi-
tion with a full and naturalistic view of the limb before and
after movement. Subjects performed pointing movements,
while their arm was restrained to the only degree of free-
dom of Xexion/extension of the elbow in a horizontal plane
at shoulder’s height. No visual information, neither of the
arm nor of the target, was given during arm movement. An
artiWcial systematic error was introduced at movement end,
eliciting a new relationship between target distance and
movement amplitude. The size of this artiWcial systematic
error was incremented at the end of each block of 10 trials,
in such a way that subjects were unable to report an error
the cause of which was external. As they observed a Wnal
positional error that was within their natural planning
error, they self-attributed it. By comparing subjects motor
response to a variety of targets before and after an exposure
period, we aimed at determining the structure of the gener-
alization pattern along the experimental reaching space and
at interpreting it in terms of a tuning of the control of the
group of agonist and the group of antagonist muscles. To
sum up, we observed the following: (1) Vectorial test. The
adaptation fully generalized to movements of the same
amplitude and direction (which is equivalent to its sign as it
involved only a Xexion/extension of the elbow) with diVer-
ent starting points; (2) Reverse test. The adaptive after-
eVect did not transfer to the reverse movement (inversion of
the starting and endpoints); (3) Forward-gain test. The
Fig. 7 Mean amplitude change (top) and mean percentage of ampli-
tude change (bottom) between pre-test and post-test, across all subjects
of experiment B (n = 8), for trials corresponding to the endpoint test
(10 movements per block). The error bars show +1 standard error of
the mean. The black bar highlights the trained movement. Top: stars are
used to indicate statistically signiWcant diVerences between pre- and
posttest, as follows: *<0.0033; **<0.00067; ***<0.000067. Bottom:
the horizontal dashed line mark the value of perfect transfer
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adaptive after-eVect was proportional to the amplitude of
the movement with a zero bias, that is, the after-eVect could
be reduced to a pure motor gain change along the direction
of adaptation; and (4) Endpoint test. Movements directed to
the exposed target were aVected according to the previous
observations, that is, the endpoint position had no incidence
on the aftereVects.
All together, these results suggest an adaptive process
reduced to a nearly constant increase of the motor gain for
movements performed in the same direction as the trained
movement, but no modiWcation of movement directed to
the opposite direction. This after-eVect was independent of
the starting point or of the endpoint. From a muscle point of
view, an interpretation of these results is that the additional
command to the group of extensor muscles is increased
proportionally to the required movement.
About movement coding
According to a long-accepted hypothesis, movement is
encoded by the CNS by a vector displacement in the task
(extrinsic) space, generated by a neuronal population speci-
fying its direction and amplitude (Georgopoulos 1986,
1995; Georgopoulos et al. 1988; Gordon et al. 1994; Bock
and BurghoV 1997; Krakauer et al. 2000; Vindras and
Viviani 2002), with little inXuence of absolute position in
space (Caminiti et al. 1991). However, it has been shown
that the population cells properties may be accounted for
better by a vector displacement in the joint space than in the
task space (Mussa-Ivaldi 1988; Scott et al. 2001; Scott and
Kalaska 1995; Morrow et al. 2007). Our result of the
vectorial test conWrmed that the adapted movement reXected a
vector displacement. Our result of the forward-gain test
indicated a modulation of motor gain compatible with the
vectorial coding hypothesis.
These observations could appear contradictory with the
conclusions of Magescas and Prablanc (2006a) when they
wrote that “none of the results presented in the previous
section Wt with the vectorial coding hypothesis” (p. 79).
When trying to reject the vectorial coding hypothesis,
Magescas and Prablanc analyzed their adaptation vectors
(the 2D after-eVect vector) in the extrinsic task space.
The contradiction disappears when considering that in our
experiments, the extrinsic and intrinsic task spaces were
coincident. In addition, our results reach conclusions simi-
lar to behavioral studies, which showed that simple reach-
ing movements (Rosenbaum et al. 1995; Magescas and
Prablanc 2006b), or their after-eVects following a force-
Weld adaptation task (Malfait et al. 2002), were more likely
coded in a joint (intrinsic) space rather than in a task
(extrinsic) space. Then, they appear in accordance with
the Magescas and Prablanc’s (2006a) hypothesis of a
“gain change of the motor command in a joint-centered
coordinate system, possibly at the level of selective muscular
groups.”
The previous remark is relevant to the generalization of
gain change to untrained directions. On this point, our
results of the reverse test and of the endpoint test diVer
from classical results such as those from Bock (1992) or
Krakauer et al. (2000) who found a global generalization of
a gain change to all directions, including the opposite of the
trained direction. In our case, no transfer was observed in
the opposite direction (the only other direction tested). This
diVerence might be explained by a diVerence in the frame
of reference in which the adaptation occurs. In the case of
Bock (1992) and Krakauer et al. (2000), visual feedback of
the hand was given through a manipulated screen cursor,
favoring a representation of the task in the extrinsic space.
On the contrary, in the present experiment, as the genuine
hand is seen at its actual position, a representation in the
intrinsic joint space should be favored, as in the force-Weld
study of Malfait et al. (2002). In this study, the authors
exposed a part of extrinsic workspace and found a transfer
in the opposite part of extrinsic workspace only when the
movement involved the same intrinsic space as in the expo-
sure. The inXuence of sensory component in adaptation is
farther discussed below.
The eVects of sensory versus motor component 
in adaptation
In a recent paper, we gave evidence that the protocol used
in the present work “involves little if any perceptual
eVects” (Laurent et al. 2011). This seems to be a critical
point, when comparing our experiment with others includ-
ing a modiWed positional feedback of the hand, by the use
of prisms (Bedford 1989), of displaced haptic feedback
(Mon-Williams and Bingham 2007), or of artiWcial modi-
Wed visual feedback (Bock 1992; Krakauer et al. 2000). To
make a valid comparison, we selected the experiments in
which the feedback was given only for one target, as it is
the case here.
Bedford (1989) had subjects perform pointing move-
ments in the horizontal plane involving almost exclusively
one degree of freedom of the shoulder. She introduced a
discrepancy between seen and felt position by mean of a
wedge prism deviating the sight by 11.3°. Inherently, her
protocol induced a new mapping between vision and upper
limb proprioception. Interestingly, when adaptation was
elicited by one exposed target only, a condition comparable
to ours, it resulted in a global shift of the motor response
relative to targets, with no eVect of the visuomotor gain.
Similarly, Mon-Williams and Bingham (2007) exposed
subjects to distorted visuoproprioceptive pairs in a one spa-
tial degree of freedom condition. Movements were not
restrained, but were always directed from a proximal starting
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point to several distal targets aligned with the starting point
and the subject’s body. The target was presented visually
by means of a mirror, whereas the feedback was haptic,
visual, or both. In a condition when subjects grasped only
one target during the training, with a manipulated visuopro-
prioceptive pair along the movement axis, the authors
reported an adaptation of the visuomotor bias for all dis-
tance and no modiWcation of the visuomotor gain.
We suggest that, in the two above studies, the adaptation
of bias is related to the introduction of an inter-sensory con-
Xict that builds a new relationship between two spaces of
representation, whereas in our experiment, the change in
gain is related to an adaptation at the motor command gen-
eration level. One may hypothesize that the level of repre-
sentation (extrinsic vs. intrinsic) determines the level of
adaptation. This now accepted view is derived from the
observation that both intrinsic and extrinsic representations
of the movement do exist, at a behavioral level (Desmurget
et al. 1997) and at a neuronal level within the primary
motor cortex (Kakei et al. 1999).
Analogy with the saccadic adaptation paradigm
At last, we would like to emphasize the analogy between
the present paradigm and the classical saccadic adaptation
paradigm. Magescas and Prablanc (2006a) presented their
paradigm as a transposition of the saccadic adaptation para-
digm to arm pointing movements. They designed their
experiment following the main features of saccadic adapta-
tion: (a) Subjects were only given visual feedback before
and after the hand movements, which were, thus, forced to
be visually “open-loop” (i.e., without visual feedback about
the eVectors position), as are saccadic eye movements
(McLaughlin 1967; Matin 1974; Campbell and Wurtz
1978; Thilo et al. 2004). However, one cannot exclude the
inXuence of limb proprioception on online control (Smeets
et al. 2006), despite the instructions to perform movement
as quick and accurate as possible, by contrast with extra-
ocular proprioception that does not play any role in online
control of saccadic movements (Lewis et al. 2001). The
average movement duration, all trials included, was
519 ms. (b) Similar to the saccadic system, where the error
is determined by the retinal error between the target posi-
tion and the actual gaze position at saccade end, the reach
error was perceived as the retinal diVerence between the
target and the index Wnger tip at the end of the movement.
(c) The target jump was increased by small increments
from zero to the largest target jump. This way, subjects
remained unaware of the jump as in saccadic adaptation
and “self-attributed” the observed errors.
Importantly, the protocol of Magescas and Prablanc
(2006a) induced a substantial adaptation of pointing behav-
ior, but no saccadic adaptation at all. This was due to the
delay between the end of the saccade and the appearance of
the training target. According to the experimental results of
Fujita et al. (2002), the amplitude of after-eVects decreases
when increasing this delay. In Magescas and Prablanc’s
experiment, this delay was superior to 500 ms, which is
too long to induce saccadic adaptation. In the current
experiment, this delay was controlled in real-time, such as
the target could not reappear before 500 ms after the sac-
cade. In their experiment, Magescas and Prablanc also
checked experimentally that subjects did not exhibit saccadic
adaptation.
By restricting arm movement to a Xexion/extension
degree of freedom, the present protocol came even closer to
the adaptation of horizontal saccades. The action of exten-
sor and Xexor muscles of the elbow can be compared to the
action of the extra-ocular muscles responsible for abduction
and adduction (lateral and medial recti).
Beside this analogy between the two paradigms, the
observed generalization phenomena are qualitatively iden-
tical. The major diVerence lies in the presence of an “adap-
tation Weld” in saccadic adaptation that we did not observe
in our experiment (see Pélisson et al. 2010, for details on
the saccadic adaptation). This point is, however, ambigu-
ous, since the observation of an adaptation Weld depends on
the extent of the tested space. We can at least assume that in
hand pointing adaptation, the adaptation Weld is larger than
in saccadic adaptation.
The parallel in the paradigm and in results between the
present arm pointing adaptation and the saccadic adaptation
corroborates our hypothesis of an adaptation at a motor
level. It has been shown from studies on the anti-saccade
task that saccadic adaptation induced motor eVects, but no
eVect at the level of target representation (Collins et al.
2008; Cotti et al. 2009; Panouillères et al. 2009). It seems
that in both the oculomotor and the segmental systems, the
same experimental conditions of adaptation produce the
same type of eVects.
Conclusion
Our results revealed an exclusive gain change in the for-
ward direction of the adapted movement, that is, in the
command to the group of extensor muscles of the elbow.
They agree with Magescas and Prablanc’s (2006a) results
and hypothesis suggesting that the adaptation occurred at
joint level as well as the subsequent study of Laurent et al.
(2011) showing that its was nearly devoid of perceptual
adaptation. An important feature of such an adaptive pro-
cess is that it could be reduced to a pure and constant motor
gain change along the adapted direction (irrespective of the
starting point and of the movement extent). These proper-
ties seem to be connected with the absence of inter-sensory
Author's personal copy
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conXict and the lack of conscious perception of the error
signals that drive the adaptation, which are also the main
characteristics of the saccadic adaptation paradigm.
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